1959), one of us discussed the potential value of assessing the generalized electroencephalographic (EEG) abnormalities which were found in those general medical disorders which did not affect the brain primarily, and described a visual method of expressing these abnormalities in the form of frequency patterns. Although it was felt that there was a place for this simple method, particularly in small EEG departments, it was admitted that it took time, was dependent on the experience of the observer, and provided only a limited amount of information. It was proposed that future work should be based on some form of automatic analysis. This paper explains the system which was developed for quantifying and grading information about the rhythmic background activity of the EEG, whether normal or abnormal, obtained from a modified and simplified electronic waveform analyser, and describes the application of this system to a particular clinical problem.
The system of analysis has been applied to a variety of those general medical conditions in which the EEG is affected and it is clear that the changes which occur are not specific to any particular condition. One may postulate that there is a disorder of the metabolism of deeply placed structures of the brain. The EEG follows a fairly well-defined series of changes over a continuum from normal consciousness to deep coma . There is at first a gradual reduction in the frequency of the rhythmic activity which may be preceded, accompanied, or immediately followed by a partial failure of alerting conditions to reduce or maintain the reduction of this rhythmic activity. Later of delta (under 4 c/s) frequency appear, at first occasionally and usually anteriorly, but gradually increasing in frequency and distribution until they come to dominate the record from all areas.
Certain patients with hepatic cirrhosis form an important group in which these changes occur. They are liable to episodes of confusion or alteration of consciousness (Adams and Foley, 1953) which we will term 'delirium'. A factor in the production of this delirium is the absorption of nitrogenous products from the gut (Sherlock, 1958) , which are either inadequately detoxicated by a damaged liver and/or reach the brain in abnormal quantities through collateral portal systemic venous channels. We will use the term 'encephalopathy' to describe not the acute episode of delirium but the underlying state which makes certain patients liable to develop such episodes. It has been established (Dawson, McLaren, and Sherlock, 1957) that reducing the nitrogen content of the bowel by low-protein feeding or by sterilization with an antibiotic such as neomycin is useful for the acute phase, the delirium, and also reduces the liability for such a phase to develop on provocation, that is, reduces the encephalopathy. Contrariwise, highprotein feeding or the addition of nitrogen-containing compounds, such as ammonium chloride, makes delirium worse and more likely to develop: it increases the encephalopathy.
It is important for the clinician to know whether or not a patient with hepatic cirrhosis suffers from encephalopathy and, if so, to what extent, that is, under what conditions of diet or treatment he may be at particular risk of developing delirium. In severe cases of encephalopathy there may be permanent clinical, psychological, or electroencephalographic abnormalities, but in these cases the diagnosis is seldom in doubt and the electroencephalographic evidence is merely confirmatory. In those milder cases where the diagnosis is doubtful the EEG, while providing very early evidence of EEG DIAGNOSIS OF'DELIRIUM' developing delirium (Read, Laidlaw, Haslam, and Sherlock, 1959) , may be unable to detect a latent encephalopathy.
The technique to be described is based on provoking delirium in patients with hepatic encephalopathy and in using the EEG changes produced by this provocation as an index sufficiently sensitive to enable the provocation to be kept well below the level at which the patient would be exposed to the slightest risk.
Morphine was chosen as the provocative agent because it has been reported as producing delirium in patients with hepatic disease (Fagin and Thompson, 1944; Murphy, Chalmers, Eckhardt, and Davidson, 1948) . Preliminary tests showed that small doses were perfectly safe. It has been reported as producing in normal subjects no EEG changes other than those of drowsiness or sleep (Greville and Heppenstall, 1950; Wikler, 1954; Andrews, 1941) .
As the normal subject passes from full wakefulness through drowsiness to light sleep the EEG changes are well established (Davis, Davis, Loomis, Harvey, and Hobart, 1938; Dement and Kleitman, 1957) and are different from those of increasing delirium. Occasionally interpretation is difficult when drowsiness is a feature of the delirium and the EEG changes of the two conditions coexist. The findings to be reported suggest that in all subjects the changes produced by morphine are nearer to those of increasing delirium than of increasing drowsiness. However, it is not the purpose of this paper to discuss the differentiation between the sleep-wakefulness and delirium continua of EEG change, and such a differentiation is unnecessary since we are concerned with the differential EEG responses between patients and in the samne patient under various conditions. We are satisfied, however, that the EEG changes produced by morphine are sufficiently similar to those produced by the early stages of delirium for the criteria of such changes to be directly compared.
General EEG Method All records were made on an eight-channel Ediswan machine with filters fcr 75 c/s and time constant at 0 3 sec., and were analysed with a B.N.I. low frequency waveform analyser produced and specially adapted by Faraday Electronic Instruments Ltd. This analyser consisted essentially of 12 resonant circuits with centre frequencies at 2, 3, 4 and so on up to 12 c/s with 50% reduction ± i c/s and at 17 c.p.s. with 50% reduction ± 1 c/s. The output from these circuits was lead to storage capacitors whose charge during a chosen epoch was read off from a meter in arbitrary units: these readings will be referred to as 'activity at such and such a frequency'. The outputs from those six circuits which showed the greatest activity were also lead back to an intermediate stage of the Ediswan EEG machine to give a direct write out of six channels of waves as they occurred at each of these frequencies (Fig. 1) . The numerical value of the arbitrary units depends on the gains and adjustment of the analyser but is irrelevant since all the derived measures are proportions. It is convenient to adjust the analyser so that an input of I volt from a -low-frequency sine wave oscillator gives a peak calibration reading of 10 microamps. It is important to adjust the gains on the analyser so that the maximum reading obtained lies within that part of the scale which is linear. The errors due to fluctuations in the apparatus lie well under 5 % and may be ignored.
Two channels of primary EEG were recorded from the antero-and postere-lateral aspects of the non-dominant hemisphere. The activity from the posterolateral channel was fed to the waveform analyser. For each record 10 epochs, each of 15 seconds, were analysed. From these figures it is possible to measure numerically changes between epochs, records, and patients in terms of dominant frequency and rhythmic activity under different conditions. Two types of record are not suitable for purely numerical measurement and are best assessed by combining analysis with inspection of the direct write-out of the analysed frequencies and the visual method previously described .
Records Dominated by Discontinuous Delta Activity.-Electronic analysis of such activity is apt to be unreliable since the tuned circuits respond to rhythmic activity rather than to occasional waves (Burch, 1959) , and, since activity measured on the analyser is the product of number of waves and amplitude, it is possible to get spurious high readings at low frequencies due to underlying low amplitude background wobble or artefact.
Desynchronized In any large series of controls it will be found that most records will be normal, a number borderline, and a few will show a mild or possibly even a moderate abnormality (Brazier and Finesinger, 1944 All comparisons between records are made in the direction of expected deterioration, e.g., P-R = change between neomycin regime and normal diet. The addition of 'm' denotes a post-morphine EEG: thus R-Tm represents the EEG change between the premorphine record on ward diet and the post-morphine record after three days on ammonium chloride.
Results
To the right of Table I is shown the classification of the pre-morphine records. The seven moderately abnormal records were made during repeated tests on two patients in group E. It will be seen that the great majority (84%) of records are normal or borderline and that it would not be possible to decide from a single record whether or not a patient suffered from encephalopathy, i.e., to place a group D patient in either group E or C.
In Fig. 2 Table III shows the results of these differential morphine tests in 11 patients, 10 from group E and one from group C, expressed in grades of change, and, except for desynchronized records and those showing grade 4 change, numerically. Each group E patient showed a positive differential test, a greater response on going from P to Q to R to S. Ammonium chloride was not given to these patients. The one patient in group C showed no such change. The results for patients 40 and 43 are shown graphically in Fig. 3 . A dummy morphine test, R-R, is shown for patient 40.
In some patients with hepatic encephalopathy EEG deterioration may be produced by diet changes alone. The effect which, like the response to mor- (Fig. 3 ).-The small changes R. Rm and S.. Sm show a more than usual sensitivity to morphine. However, there is no R. . S change and the differential and additive morphine tests are both negative. The EEG evidence does not favour the diagnosis of hepatic encephalopathy.
Case 45 (Fig. 3) This case is illustrated (Fig. 4) in the form of frequency patterns.
Case 53 (Fig. 3) .-All the changes are very small. Both morphine tests are positive; the differential test is just negative. Although the effect of a high-protein diet (R. . S) is graded 0 there is some change as shown numerically, and, therefore, a positive additive test. The patient may have very mild hepatic encephalopathy.
Case 59 (Fig. 3 ).-There are two positive morphine tests, no change in the dummy morphine test, a good differential response, and considerable deterioration on ammonium chloride which produces a marked additive morphine effect. There is good evidence for the diagnosis of hepatic encephalopathy.
Discussion
Simple psychological tests to assess minimal confusion were given at the time of most EEG recordings. These showed good general correlation with the EEG responses to morphine but suggested that the latter were rather more sensitive and reliable. These results will be reported elsewhere (Cang and Laidlaw, in preparation). The clinical problems of the diagnosis of confusion complicating liver disease have been stated very briefly and rather dogmatically and may appear to gastroenterologists to have been oversimplified. This aspect of the work will also be dealt with elsewhere (Read et al., in preparation) , and it is sufficient to say that the EEG methods described have proved of real clinical value.
A very great deal of EEG work has been done on localized and paroxysmal abnormalities whereas relatively little attention has been paid to the clinical applications of the study of the background rhythmic activity, whether normal or abnormal. There seem to be two main reasons for this neglect. can only be attached to gross variations and the EEG detection of such changes is seldom likely to provide information which could not have been obtained by clinical methods. However, under a number of circumstances, the background rhythmic activity varies with alterations in brain function, and the measurement of changes in this activity for an individual may provide an index of brain metabolism which is more sensitive than clinical examination or psychological testing.
If, therefore, the background activity of the EEG is to yield clinically valuable information, it is necessary in the first place to have a simple and valid method of reducing complex rhythms to a form which can readily be appreciated and compared, and, in the second place, to determine under what circumstances these measures of change in background activity may be considered as indicative of altered cerebral function and not merely as a manifestation of random fluctuation.
The theoretical aspects of different types of analysis have been fully reviewed (Burch, 1959; Kozhevnikov, 1958) . Obrist and Henry (1958) carried out a careful comparison of visual and electronic methods and found that both gave essentially similar results, except that like Burch and ourselves they concluded that automatic analysis gave dubious results at low frequencies. We are satisfied that the type of analyser we have used is suitable. It is simple, relatively cheap, requires little adjustment, and is quite sufficiently accurate for ordinary clinical work.
The choice and arrangement of epochs was that found by experience to be the most satisfactory. There must be enough epochs to allow assessment of interepoch variability but the recording must be short enough to anticipate possible deterioration in the patient's condition, since it is very important that any two records being compared should have the same number and arrangement of epochs. The alteration of S, 0, and L epochs at the beginning of the recording is intended to prevent too much relaxation and may be contrasted with the effect of the three consecutive S epochs at the end. The Lc epoch is put at the end for convenience in changing the light pattern. Immediately after shutting the eyes many people show transient faster rhythms (Storm van Leeuwen and Bekkering, 1958) but in normal subjects the rhythms tend to stabilize quickly and a satisfactory reading is obtained by analysing from 15 to 30 seconds after shutting the eyes. The 0 and L epochs were also taken this time after opening the eyes since the amount of return of rhythmic activity under alerting conditions is a more sensitive index of delirium than the immediate blocking effect of opening the eyes.
A simple adaptation to the analyser allows the activity at individual frequencies to be written out alongside the original record and this is considered valuable. It provides a useful visual check on meter readings, enables change to be assessed in records containing little rhythmic activity, and demonstrates interesting intra-epoch frequency fluctuations. The appearance of high-amplitude delta waves sufficient to dominate the record represents a severe abnormality which can be recognized readily without recourse to electronic frequency analysis and for most purposes no reliance need be placed on the rather unreliable meter readings for very low frequencies.
Detailed numerical comparison between records is based on values calculated for dominant frequency and rhythmic activity under different conditions. In the large series of morphine tests only two measures of deterioration were used, namely, reduction in units of dominant frequency and percentage increase in RAO. This limitation was made first because these values were available for tests throughout the series; secondly, because previous work Read et al, 1959) showed that these changes were found consistently during the early stages of developing delirium; and, thirdly, because more complicated methods of comparison would have yielded no additional useful information. However, in small series or when single pairs of records are being compared a more sophisticated comparison may be useful. Experience has suggested that the following points may be important:
1. The amount of random change from one record to another has been found to vary between patients and to be related to the amount of interepoch variation for that patient. If, therefore, a subject shows little interepoch fluctuation, significance can be attached to smaller inter-record changes.
2. In some subjects there is a tendency for the amount of rhythmic activity with the eyes shut (RAS) to vary from one epoch to another inversely with dominant frequency. In such subjects changes in dominant frequency to be considered significant should be greater than those to be expected from concomitant change in RAS. It may be noted here that with increasing delirium there is a general tendency with fall in dominant frequency for RAS either to remain unchanged or to increase, whereas when a subject becomes drowsy it is usual for dominant frequency and RAS to fall together.
3. RAL and RALc are less subject to spontaneous fluctuations than RAO and in some cases an increase in these values provides a more reliable index of deterioration. However, in other cases JOHN LAIDLA W AND A. E. READ looking at or counting light patterns produces so much blocking of rhythmic activity that the index is too insensitive.
Measurements are made not of the background activity of a single record but of the difference in such activity between records and are expressed as a degree of deterioration, comparison always being made in the direction in which deterioration may be expected to occur. This method is based on the premise that each individual has, subject to random fluctuations, an optimum or usual record with his own usual values for dominant frequency, RAO, etc., and that factors which produce a general interference with brain metabolism cause the same type of EEG deterioration, namely, reduction in dominant frequency and increase in rhythmic activity under alerting conditions. In as far as these factors are reversible when they are corrected there will be a return to the usual level but over-correction will not produce a supra-optimum record. Previous work (Read et al., 1959) showed that hypokalaemia was one such factor. Low levels of serum potassium might produce a slowing of dominant frequency, restitution to normal would correct this slowing, but hyperkalaemia never produced a level of dominant frequency higher than was usual for the subject. Efron and Kent (1957) suggested that there was an optimum value for carbon dioxide tension and that any marked change, whether an increase or a decrease, produced a reduction in the frequency of the cerebral rhythms. For a patient with known or suspected encephalopathy we do not know whether or not the values for frequency and activity in a resting record represent his pre-morbid optimum. However, the record made under the most favourable circumstances is most likely to approximate to the usual level and should be used as the baseline for comparison whether or not it was the first recorded. It is for this reason that all comparisons in Tables III and IV are made in the direction from P to Q to R to S to T. For a measured difference between two records to be considered as indicative of an alteration in brain function it is necessary that it should be greater than that which might occur as a result of random fluctuation. It has been our experience that some patients with encephalopathy show greater fluctuations than normal subjects, fluctuations which if not random are due to causes unknown. It is not, therefore, altogether satisfactory to consider as significant in patients changes which are outside the limits of those found in controls. It is considered better, as in the series described, to contrast the changes between different groups or between records in the same patient under different conditions. When comparing a large number of pairs of records in a big series some form of grading is convenient but it will inevitably be relatively coarse as a measure of change. In that which we have used the limits have been set widely so that it would be improbable for a change graded other than 0 to be due to random fluctuation, but the converse is not true, and some of those changes graded as 0, particularly in subjects showing little interepoch variation, may have been due to altered brain function. In small series or when individual pairs of records are being compared it is recommended that arbitrary grades should not be used but that change between records should be considered as significant if appreciably greater than the individual interepoch change or the inter-record change under conditions when no deterioration could be expected. Thus patients 47 and 59 (Table IV) However, in the milder cases, which present the diagnostic problems, the resting record is likely to be at or near the patient's usual level (the encephalopathy is not only clinically but electrically latent), and it is in these cases that the use of the type of provocative tests which have been described may prove very valuable. We have described the use of non-specific provocations, such as morphine, added to specific provocations, such as increasing the protein in the diet or adding ammonium chloride. There are cases when a non-specific provocation may give a more or less specific diagnosis because of the clinical context. Thus, a marked EEG deterioration with a small dose of morphine in a patient with hepatic cirrhosis, possibly suffering from encephalopathy, provides good evidence not only of encephalopathy but of hepatic encephalopathy. The specific forms of provocation are usually less effective but they may be reinforced by combination with a non-specific provocateur as in the additive morphine test or they may enable significance to be attached to equivocal results from non-specific provocation as in the differential morphine tests.
The general principle underlying the use of provocative tests may be illustrated diagrammatically (Fig. 5) where each circle represents an EEG, the letters written beside having the same meaning as in the clinical investigation reported above, and the distance apart of the circles representing the amount of change from one record to another. Since ER.. ERm and ES. . ESm are greater than CR. . CRm and CS. . CSm patient E suffers from greater brain sensitivity to provocative agent 'm' than control C, i.e., suffers from encephalopathy. Since ER. ES is greater (m) on patients without encephalopathy (C) with those with encephalopathy (E) under different conditions (R and S) such that the direction of expected deterioration is from R to S. m = non-specific provocation, R-S-specific provocation than CR.. CS and since ES.. ESm is greater than ER. . ERm, this encephalopathy is due to a disorder made worse by the provocation represented by the change of condition from R to S. It is suggested that the system of analysis which we have described provides a satisfactory method of measuring changes in the background rhythmic activity of the EEG and enables the significance of these changes to be assessed, and that the production of such EEG changes by appropriate therapeutic or provocative tests may provide a useful diagnostic tool applicable to a variety of conditions in which the metabolism is disordered of those deeply placed structures of the brain, which, it is presumed, play an important part in the control of EEG rhythms and the maintenance of a normal level of consciousness. Summary A method, based on electronic analysis, of assessing the background rhythmic activity of the electroencephalogram is described. The difficulties in obtaining useful information about this activity from a single record are emphasized and a system of quantitative measurement of change between records is described.
Episodes of confusion or alteration of consciousness are defined as 'delirium' and the tendency to develop such episodes as 'encephalopathy'. The EEG is very sensitive to the onset of delirium and the criteria of EEG deterioration along the continuum from normal consciousness to coma are defined.
Certain patients with hepatic cirrhosis may be said to suffer from hepatic encephalopathy in that they are liable to develop episodes of delirium. The application of this EEG method to the diagnosis and assessment of hepatic encephalopathy is described in some detail in order to demonstrate its clinical usefulness.
Patients with mild encephalopathy may show no clinical or EEG abnormalities. In these cases the EEG changes of delirium may be provoked by appropriate measures often without clinical change and at no risk to the patient.
The measurement of change in background rhythmic activity, the significance of such change, and the production of changes by therapeutic and non-specific and specific provocative tests are discussed.
